Ssk1p of Candida albicans is a putative response regulator protein of the Hog1 two-component signal transduction system. In Saccharomyces cerevisiae, the phosphorylation state of Ssk1p determines whether genes that promote the adaptation of cells to osmotic stress are activated. We have previously shown that C. albicans SSK1 does not complement the ssk1 mutant of S. cerevisiae and that the ssk1 mutant of C. albicans is not sensitive to sorbitol. In this study, we show that the C. albicans ssk1 mutant is sensitive to several oxidants, including hydrogen peroxide, t-butyl hydroperoxide, menadione, and potassium superoxide when each is incorporated in yeast extract-peptone-dextrose (YPD) agar medium. We used DNA microarrays to identify genes whose regulation is affected by the ssk1 mutation. RNA from mutant cells (strain CSSK21) grown in YPD medium for 3 h at 30°C was reverse transcribed and then compared with similarly prepared RNA from wild-type cells (CAF2). We observed seven genes from mutant cells that were consistently up regulated (three-fold or greater compared to CAF2). In S. cerevisiae, three (AHP1, HSP12, and PYC2) of the seven genes that were up regulated provide cells with an adaptation function in response to oxidative stress; another gene (GPH1) is regulated under stress conditions by Hog1p. Three other genes that are up regulated encode a cell surface protein (FLO1), a mannosyl transferase (MNN4-4), and a putative two-component histidine kinase (CHK1) that regulates cell wall biosynthesis in C. albicans. Of the down-regulated genes, ALS1 is a known cell adhesin in C. albicans. Verification of the microarray data was obtained by reverse transcription-PCR for HSP12, AHP1, CHK1, PYC2, GPH1, ALS1, MNN4-4, and FLO1. To further determine the function of Ssk1p in the Hog1p signal transduction pathway in C. albicans, we used Western blot analysis to measure phosphorylation of Hog1p in the ssk1 mutant of C. albicans when grown under either osmotic or oxidative stress. We observed that Hog1p was phosphorylated in the ssk1 mutant of C. albicans when grown in a hyperosmotic medium but was not phosphorylated in the ssk1 mutant when the latter was grown in the presence of hydrogen peroxide. These data indicate that C. albicans utilizes the Ssk1p response regulator protein to adapt cells to oxidative stress, while its role in the adaptation to osmotic stress is less certain. Further, SSK1 appears to have a regulatory function in some aspects of cell wall biosynthesis. Thus, the functions of C. albicans SSK1 differ from those of S. cerevisiae SSK1.
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Candidiasis is among the most common nosocomial diseases in the United States, occurring in ϳ8 to 10% of high-risk patients (7, 8, 50) . The disease has a high attributable mortality, most often because detection of the organism occurs late in the course of the disease or because therapy fails. Treatment with amphotericin B invariably results in toxicity to the patient, often necessitating withdrawal of the drug. The popularity of certain of the azole antifungals has been tempered by the development of resistance, especially among the nonalbicans species of Candida, such as Candida glabrata, Candida krusei, and Candida dubliniensis (18) .
The virulence of Candida albicans appears to be multifactorial and includes the requirement for yeast-hyphal transition (morphogenesis), which is probably needed for invasion (9, 32) , although direct persorption of yeast cells by mucosal cells has also been observed to precede blood-borne invasion (17) . Virulence is also dependent upon the expression of cell surface adhesins that promote host cell recognition, as well as extracellular enzymes, such as phospholipases and proteases (9, 32) .
While much is known about the virulence factors of C. albicans, its adaptation to stress conditions in the host, for example, oxidative stress following phagocytosis, is less understood. On the other hand, considerable effort has been devoted to characterizing the role of neutrophils (polymorphonuclear leukocytes [PMNs] ) and macrophages, whose oxidative activities in protection against candidiasis are well known (43, 45-49, 52, 53) . The importance of these cells in protection is reflected in the increased susceptibility of patients to candidiasis due to either defects in neutrophil function or reduction in their total number (neutropenia) (8) . In vitro killing of C. albicans is increased if neutrophils are activated or if the organism is opsonized (46, 48) . Wysong et al. (53) have demonstrated that a respiratory burst by neutrophils is Ca 2ϩ dependent only if hyphae are opsonized. Neutrophil killing is less efficient in vitro if cell wall mannan is included in assays, but the active component of mannan that inhibits phagocytic killing is unknown (52) . Reactive oxygen species (ROS), which appear to be candicidal alone or in combination, include hydrogen peroxide, superoxides, hydroxy radicals, and peroxynitrites (47) . Nonoxidative components include defensins, small peptides with a broad spectrum of antimicrobial activity, and other proteins associated with specific granules of neutrophils (48) . Survival of the organism following phagocytosis by PMNs can occur, but the mechanism(s) that promotes its escape from oxidative killing is unknown.
One of the most important ways in which prokaryotes and lower eukaryotes, such as yeasts and other fungi, adapt to stress conditions is through two-component signal transduction (2, 5, 9, 10, 26, 28, 32) . For example, the HOG (hyperosmotic glycerol) MAP kinase two-component signal pathway regulates growth of Saccharomyces cerevisiae when cells are confronted with high-osmotic conditions (23, 37) . The HOG MAP kinase pathway consists of a sensor, a transmembrane histidine kinase (Sln1p), a phosphohistidine intermediate protein (Ypd1p), and a cytoplasmic response regulator protein (Ssk1p). The phosphorylation state of Ssk1p determines whether the HOG MAP kinase pathway is activated, and glycerol synthesis is induced to adapt cells to osmotic stress. In S. cerevisiae, ssk1 mutants are deficient in growth on high-osmotic media, but the C. albicans SSK1 gene does not complement that mutant, indicating that perhaps the SSK1 of C. albicans is functionally divergent (14) . In C. albicans, two-component homologues of the HOG pathway (SLN1, YPD1, SSK1, and HOG1) have been identified, and strains with SLN1, SSK1, and HOG1 deleted are defective in morphogenesis and are attenuated or avirulent (2, 3, 9, 14-16, 31, 54) . Other histidine kinases found in C. albicans and Aspergillus fumigatus have been characterized, and their functions in morphogenesis, virulence, phenotypic switching, and cell wall biosynthesis have been established (1, 9-13, 31, 38, 40, 44, 54) . However, the SLN1 and SSK1 mutants of C. albicans are only partially sensitive to hyperosmotic conditions (15, 31) . Therefore, in this study we determined the sensitivity of the ssk1 mutant to a variety of stress conditions and inhibitors, including antifungal drugs; ROS, such as H 2 O 2 ; and heat shock. We show that C. albicans SSK1 contributes to the adaptation of cells to oxidant stress. Also, microarray data support a role for SSK1 in the expression of cell wall structural or enzymatic proteins.
MATERIALS AND METHODS
Strains, media, and culture conditions. The following C. albicans strains were used in this study: CAF2 (⌬ura3::imm434/URA3) (21), CSSK21 (⌬ura3::imm434/ ⌬ura3::imm434 ⌬ssk1::hisG/⌬ssk1::hisG-URA3-hisG) (15), and CSSK23 (⌬ura3:: imm434/⌬ura3::imm434 ⌬ssk1::hisG SSK1::URA3-hisG) (15) . Strains with genes deleted were constructed by the "urablaster" procedure (21) and have been described previously (15) . All strains were maintained as frozen stocks and then cultured on YPD (1% yeast extract, 2% glucose, and 2% peptone) agar prior to use.
H 2 O 2 and drug sensitivity assay. The sensitivities of C. albicans strains CAF2, CSSK21, and CSSK23 (a gene-reconstituted strain) to oxidants were assayed by spotting dilutions of 5 ϫ 10 1 to 5 ϫ 10 5 cells (each in a total volume of 5 l) from an overnight culture of yeast cells grown in YPD broth at 30°C onto YPD agar plates containing H 2 O 2 , menadione, t-butyl hydroperoxide, and KO 2 . The growth of each strain was examined after 48 h. The sensitivities of CSSK21, CSSK23, and CAF2 to antifungal drugs (miconazole, amphotericin B, nikkomycin Z, and caspofungin), calcofluor white, and caffeine were also evaluated.
Heat shock experiments. Heat shock experiments were performed as described by others (33, 34) . Exponentially grown cells were diluted to 10 4 to 10 7 per ml in phosphate-buffered saline-Tween buffer (0.05 M Tris, pH 7.5). At each dilution CAF2, CSSK21, and CSSK23 cells were incubated at either 30 or 42°C for 30 min; subsequently, dilutions were plated on YPD agar and cultured at 37°C. The number of CFU was then determined for each strain after 48 h of incubation. Microarray analysis. The C. albicans strains CAF2 and CSSK21 were inoculated into YPD medium and grown to a final concentration of 10 7 cells/ml, transferred to fresh YPD medium, grown at 30°C for 3 h to a constant optical density, and harvested by centrifugation. Total RNA was isolated according to the standard protocols (39, 41) . Microarray analysis was repeated three times, each with different RNA extracts of cells; 1 mg of total RNA from each sample was used for poly(A) selection with an Oligotex kit from Qiagen (Chatsworth, Calif.).
Protocols and material source information for the microarray experiments were obtained from http://www.microarrays.org. DNA microarrays were fabricated at the University of California at San Francisco by spotting C. albicans (strain 5314) open reading frames (ORFs) that were derived from PCR products onto glass slides. Approximately 6,000 ORFs were screened. Four micrograms of mRNA from each strain was used for cDNA synthesis in the presence of aminoallyl dUTP. cDNA was then labeled with Cy5. For each experiment, 4 g of reference mRNA (REF) derived from pooled CAF2 cells grown under a variety if growth conditions (D. Inglis and M. Lorenz, unpublished data) was labeled with Cy3. The Cy3-and Cy5-labeled samples were hybridized to the array in 50% formamide, 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.4 g of poly(A) DNA/l, and 0.1% sodium dodecyl sulfate (SDS) at 44°C. The microarrays were scanned with a GenePix 4000 microarray scanner (Axon Instruments Inc., Foster City, Calif.). Genes were assigned to the resulting microarray image with GenePix Pro version 3.0 software. Data were uploaded to the database program NOMAD (available at http://derislab.ucsf.edu/), which also normalized the data over the entire array. To analyze the mutant (CSSK21)/ wild-type (CAF2) ratio, the values for cssk1/REF were divided by the values for CAF2/REF. The normalized ratios were filtered, and a self-organizing map for genes was created using the Cluster software program (19) . The hierarchical cluster was viewed with TreeView (19) . We used a Ն3-fold increase in the gene expression of strain CSSK21 to identify up-regulated genes compared to CAF2. Up-regulated genes were Ն4-fold in two experiments, 4-fold in three experiments, 3-fold in four experiments, and 3-fold in three experiments.
RT-PCR. Total RNA was extracted as described above from strains CAF2, CSSK21, and CSSK23 grown in YPD broth at 30°C for 3 h. Primers for all PCR amplifications are indicated in Table 1 . Actin expression served as an internal control. RT-PCR was performed by using the Qiagen one-step PCR kit; 1 g of total RNA was used for each PCR. All PCR products were resolved on 1% agarose gels, which were then scanned using an Alpha Imager 2000 (Alpha were grown in YPD medium supplemented with 20 mg of uridine/ml at 37°C. Overnight cultures were suspended in prewarmed YPD medium to an optical density at 600 nm of 0.05, and experiments were performed when the cultures reached an optical density at 600 nm of ϳ1.0. Under these conditions, the culture was challenged with 1.5 M NaCl or 10 mM hydrogen peroxide (final concentrations). Samples were taken after the addition of each stimulus at different times (0 to 60 min), and cell extracts were obtained using glass beads in a fast-prep cell breaker as previously indicated (2, 30) . Similar amounts of proteins, as determined by absorbance at 280 nm and SDS-polyacrylamide gel electrophoresis-Coomasie Blue staining, were analyzed by SDS-polyacrylamide gel electrophoresis and transferred to nylon membranes (Boehringer Mannheim, Mannheim, Germany) following standard procedures (2). The blots were first probed with an ScHog1p polyclonal antibody (anti-ScHog1; Santa Cruz Biotechnology). Subsequently, the blots were stripped and reacted with a phospho-p38 MAP kinase (Thr180/ Tyr182) 28B10 monoclonal antibody (anti-TGY P ; Cell Signaling Technology, Inc.). Blots with anti-ScHog1p or anti-TGY P were developed according to the conditions recommended by the manufacturer using the Hybond ECL kit (Amersham Pharmacia Biotech).
RESULTS
Sensitivity of the ssk1 mutant of C. albicans to inhibitors and heat shock. The reference strain CAF2 (SSK1 URA3), the mutant strain CSSK21 (ssk1 URA3), and the reconstituted strain CSSK23 (SSK1 URA3) were incubated at 30°C for 48 h on YPD agar containing 0 to 8 mM H 2 O 2 and 0 to 1.0 mM menadione (which generates superoxide), t-butyl hydroperoxide, or KO 2 . We found that, compared to CAF2 and CSSK23, strain CSSK21 was sensitive to H 2 O 2 at concentrations as low as 5 mM, as well as 0.1 mM menadione, t-butyl hydroperoxide, or KO 2 (Fig. 1) . The inhibition of CSSK21 was also observed by incubating cells with the same concentrations of oxidants described above for 1 h and then culturing the cells on YPD agar (data not shown). No differences between the sensitivities of strain CSSK21 and those of strains CSSK23 and CAF2 were observed with amphotericin B, miconazole, nikkomycin Z, calcoflour white, caspofungin, or caffeine (data not shown). Heat shock experiments were conducted with CAF2, CSSK21, and CSSK23. We observed that only the viability of the ssk1 mutant strain (CSSK21) was reduced when cells were incubated at 42°C for 30 min and then cultured at 37°C. The reduction in growth was Ͼ2 log units in CSSK21 (data not shown).
Gene array studies. In order to determine the effect of the SSK1 deletion on gene expression, we performed DNA microarray analysis experiments using RNA preparations of the ssk1 mutant and wild-type cells (CAF2). Cells of each strain were grown at 30°C for 3 h in YPD broth, and RNA was isolated, reverse transcribed, and hybridized to SC5314 DNA ORFs. Analysis was done with a total of four RNA preparations from four cell preparations. The genes with the greatest amount of up regulation appear red, and those most down regulated appear green. A total of seven genes were up regulated at least three-to fourfold for all experiments with the ssk1 mutant ( Fig. 2 and Table 2 ). Annotation of the up-regu- lated genes was performed using the Saccharomyces genome database (www.yeastgenome.org) or, when possible, the C. albicans genolist.pasteur.fr/CandidaDB website. We determined that three of the seven genes that were up regulated provide stress adaptation functions in S. cerevisiae. Those genes included AHP1 (4.89-fold), HSP12 (3.8-fold), and PYC2 (3.6-fold). A fourth up-regulated gene (GPH1) encodes a glycogen phosphorylase, which is regulated via the Hog1p pathway during osmotic shock (3.2-fold) (51) . The three other up-regulated genes, CHK1 (4.37-fold), FLO1 (4.4-fold), and MNN4-4 (4.44-fold), either encode cell wall biosynthetic enzymes (MNN4-4), regulate cell wall biosynthesis (CHK1) (27) , or encode a cell surface protein (FLO1). As for the genes encoding a cell wall function, we observed that ALS1 is down regulated (0.35-fold) ( Fig. 2 and Table 2 ). The genes, whose expression was altered in strain CSSK21 were subjected to RT-PCR from similarly grown cells and compared to CAF2 and CSSK23 (Fig. 3) . Actin was used as an internal loading control. Compared to CAF2 and CSSK23, we observed that expression levels of HSP12, AHP1, MNN-4, and FLO1 were greater in strain CSSK21, while ALS1 was down regulated. Levels of PYC2, CHK1, and GPH1 were slightly but consistently higher than those of CAF2 and CSSK23. By Northern analysis, the up regulation of GPH1 and PYC2 in the mutant was more readily noted (data not shown). As expected, SSK1 was weakly detected in mutant cells, while differences among strains were not apparent by RT-PCR for STL1 and APE2153 (not shown). RT-PCR was also done with SSK23, the gene-reconstituted strain (Fig. 3) osmotic stress. Thus, we were interested in the relationship of Ssk1p to Hog1p in C. albicans under conditions of osmotic or oxidative stress. Previously, it was shown that strain CSSK21 is insensitive to 1.0 M sorbitol and 2 mM H 2 O 2 (15) . To determine the relationship of Ssk1p and Hog1p, we used Western blot analysis with an antibody that recognizes phosphorylated Hog1p (anti-TGY P ) (Fig. 4) (2) . Cells of strains CAF2 and CSSK21 were grown in the presence or absence of 10 mM H 2 O 2 or 1.5 M NaCl for 0 to 60 min. Extracts of cells at each time point were prepared, electrophoresed, transferred to nitrocellulose filters, and reacted with anti-ScHog1p, an antibody that recognizes both the S. cerevisiae and C. albicans Hog1p proteins regardless of the phosphorylation state. A reactive band of 38 kDa was observed in both types of stress treatments and in both CAF2 and CSSK21 at all time points (Fig. 4A) . The specificity of the antibody was shown in previous studies, since a hog1 mutant of C. albicans lacked this reactive protein (2) . Subsequently, the Western blot was stripped (with 2% SDS at 70°C, then with 62.5 mM Tris-HCl [pH 6.8; 20°C], and finally with 100 mM ␤-mercaptoethanol) and reacted with anti-TGY P , which recognizes the phosphorylated Hog1p (Fig. 4A ). In CAF2, Hog1p was phosphorylated within 2 min in cells treated with either NaCl or H 2 O 2 . By 10 min, the signal decreased in wild-type cells treated with NaCl, but the signal remained strongly positive in cells treated with H 2 O 2 at 10 min; subsequently, the phosphorylation signal decreased in both treatments. No phosphorylation of Hog1p was observed in the SSK21 mutant treated with H 2 O 2 (Fig. 4A, top) , but phosphorylation of Hog1p did occur in the ssk1 mutant exposed to NaCl. Thus, SSK1 is required for phosphorylation of Hog1p in cells exposed to H 2 O 2 but is not required for cells grown in high concentrations of NaCl. Interestingly, the temporal phosphorylation of Hog1p in the CSSK21 mutant grown in 1.5 M NaCl remains strongly positive after 60 min, but not in cells of CAF2. The phosphorylation of CSSK23 was also studied under the same conditions (Fig. 4B) . The introduction of SSK1 in this strain restored Hog1p phosphorylation when the cells were oxidatively stressed. We did not examine the phosphorylation of Hog1p in cells stressed with NaCl, since that signal was already apparent in the ssk1 mutant (Fig. 4A) .
DISCUSSION
The adaptation of bacteria, archaea, lower eukaryotes, and higher plants, but not human cells, to stress conditions is regulated through two-component signal transduction (5, 26, 37, 42) . The Hog1 pathway of S. cerevisiae is the most studied of the two-component systems in fungi (23, 37) . In C. albicans, homologues of the HOG pathway are found (Sln1p, Ypd1p, and Ssk1p), but the Sln1p and Ssk1p proteins seem to have minor roles in adapting cells to osmostress, as SLN1 and SSK1 mutants are only partially sensitive (15, 31) . Likewise, C. albi- cans SSK1 does not complement the ssk1 mutant of S. cerevisiae (14) . Recent data suggest that the Hog1p MAP kinase is essential for adaptation of C. albicans to oxidative stress due to ROS, such as oxidants (menadione, hydrogen peroxide, and KO 2 ), and UV light (2) . It follows that the two-component proteins that regulate the phosphorylation of Hog1p may also be involved in the adaptation of cells to oxidant stress. Since adaptation to high-osmotic conditions appears to be a minor function (if any) of the C. albicans Ssk1p, our preliminary experiments focused upon the sensitivity of strain CSSK21 (ssk1/ssk1) to other stress conditions. We tested a variety of antifungal compounds and oxidants in order to assess the sensitivity of the mutant strain. Strain CSSK21 was not sensitive to nikkomycin Z, miconazole, amphotericin B, caffeine, caspofungin, or calcofluor white. However, the strain was sensitive to hydrogen peroxide at a concentration of 5 mM and to other oxidants, which explains why in previous studies carried out using Յ2 mM H 2 O 2 , no effect was observed (15) .
The sensitivity of CSSK21 to peroxide stress was supported by microarray data. Three of the seven genes that were up regulated threefold or greater in strain CSSK21 are among those whose functions in S. cerevisiae are associated partially or totally with adaptation to stress conditions, including oxidative stress. AHP1 of S. cerevisiae encodes one of several oxidoreductases whose function is to maintain cells in a reduced state (redox potential) during oxidative metabolism (22, 36) . The oxidoreductases are small, heat-stable proteins that contain two conserved cysteine residues in their active sites and are of two types, the thioredoxins and glutathione-glutaredoxins (22, 36) . While they are highly conserved with overlapping functions, differences exist between the two types of oxidoreductases. For example, the thioredoxins utilize NADPH as an H donor, while the glutaredoxins use reduced glutathione (22) . Importantly, the expression of thioredoxin-related genes, such as AHP1, is regulated by the transcription factors YAP-1p and Skn7p (22) . The latter transcription factor is a response regulator two-component signal protein in S. cerevisiae. Thus, a consequence of cell growth and oxidative metabolism in S. cerevisiae is the generation of ROS that are highly toxic to cells unless proteins such as Ahp1p are produced. While the oxidoreductases of C. albicans have not been characterized, it would appear that C. albicans processes oxidative stress in a manner that is somewhat different from the S. cerevisiae process (20) . The organism also produces an adaptive response that protects it from lethal effects of a subsequent challenge (24) . In addition to AHP1, HSP12, and PYC2, up regulation of GPH1 (glycogen synthesis) was observed; Gph1p is regulated by Hog1p in osmotically stressed cells (51) . Recent data also point to an increase in trehalose production during oxidative stress (4), although our array analysis did not indicate changes in the expression of genes involved in trehalose biosynthesis. Finally, CSSK1 appears to regulate the expression of certain cell wall proteins (Mnn4p, Als1p1, and Flo1p [25, 35] ) and a two-component histidine kinase, CHK1, that regulates cell wall synthesis (27) . Up regulation of MNN4 in S. cerevisiae during stress responses has been demonstrated (35) . The array data for up-regulated genes obtained with the ssk1 mutant were verified by RT-PCR. Importantly, expression of the adhesin ALS1 (25) is down regulated. This observation is correlated with a previous study that showed a reduced adherence to human esophageal cells by the ssk1 mutant of C. albicans (6, 29) .
The relationship of Ssk1p and Hog1p was established through Western blot assays. We used anti-ScHog1p antibody to identify in Western blotting the C. albicans Hog1p. Following exposure of the wild type (CAF2) and the ssk1 mutant to hydrogen peroxide, phosphorylation of Hog1p, as determined using the anti-TGY antibody, occurred only in CAF2 cells (2) . Thus, Ssk1p is used for phosphorylation of Hog1p, at least in peroxide-stressed cells. On the other hand, Hog1p is phosphorylated in both wild-type and ssk1 mutant cells in the presence of 1.5 M NaCl. Thus, it would appear that in C. albicans, Ssk1p may or may not interact with Hog1p during osmotic stress; however, other proteins carry out this activity in the absence of Ssk1p.
In summary, Ssk1p in C. albicans represents at least one of the signal proteins that adapt cells to peroxide stress. This activity appears to be at least partially mediated through the HOG MAP kinase pathway. Importantly, we show that Ssk1p is not essential for adaptation to osmotic stress, unlike S. cerevisiae Ssk1p, which is essential. We have recently determined that the ssk1 mutant is also more readily killed by human PMNs (unpublished data), suggesting that its avirulence in a murine model of hematogenously disseminated candidiasis may in part be associated with this phenotype (15) . Down regulation of ALS1 in the cssk1 mutant also suggests a reason for its reduced adherence to human esophageal cells (6, 29) . Since two-component signal proteins are found only in fungi, prokaryotic organisms, and plants, they may be suitable as targets for the development of new antifungals (5, 26) . Among the fungal pathogens of humans, other histidine kinases have been identified in A. fumigatus (FOS1) (30) and C. albicans (COS1/NIK1 and CHK1), and mutants of each are attenuated or avirulent (54) . Importantly, while strains with single genes deleted are still viable, deletions of both sln1 and a second histidine kinase gene (cos1/nik1) are lethal (54) . Thus, an antitwo-component drug should be relatively broad spectrum in its activity and fungicidal.
